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The electronic band gap in conventional semiconductor materials, such as silicon, 
is fixed by the material's crystal structure and chemical composition. The gap defines 
the material’s transport and optical properties and is of great importance for 
performance of semiconductor devices like diodes, transistors and lasers. The ability 
to tune its value would allow enhanced functionality and flexibility of future electronic 
and optical devices. Recently, an electrically tunable band gap was realized in a 2D 
material – electrically gated bilayer graphene[1-3]. Here we demonstrate the realization 
of an electrically tunable band gap in a 3D antiferromagnetic Mott insulator Sr2IrO4. 
Using nano-scale contacts between a sharpened Cu tip and a single crystal of Sr2IrO4, 
we apply a variable external electric field up to a few MV/m and demonstrate a 
continuous reduction in the band gap of Sr2IrO4 by as much as 16%. We further 
demonstrate the feasibility of reversible resistive switching and electrically tunable 
anisotropic magnetoresistance, which provide evidence of correlations between 
electronic transport, magnetic order, and orbital states in this 5d oxide. Our findings 
suggest a promising path towards band gap engineering in 5d transition-metal oxides 
that could potentially lead to appealing technical solutions for next-generation 
electronic devices.  
Tuning material properties electrically is highly desirable for future developments of 
device physics and associated technologies. Transition metal oxides (TMOs) are promising 
candidates for such studies[4]. Of particular interest is the iridate Sr2IrO4 (SIO), which is 
known to have comparable energy scales of spin-orbit coupling, crystal-field splitting, and 
electron correlations[5][6]. Recently there has been a growing interest in the study of various 
physical phenomena in SIO, including magnetoelectricity in a canted antiferromagnetic 
phase[7][8] and non-Ohmic electron transport[9][10]. Nevertheless, little insight has been 
developed towards a clear understanding of the interconnections between spin-orbit 
coupling, electron transport, and lattice dynamics in SIO. In particular, transport 
mechanisms under external electric/magnetic fields in this Mott insulator remain to be 
addressed.  
Here we present a temperature-dependent study of magneto-transport in Sr2IrO4 under 
dc electric fields up to a few MV/m achieved with the point-contact (PC) technique. Our 
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sample is a single crystal of Sr2IrO4 (1.5 mm×1 mm×0.5 mm) synthesized via a self-flux 
technique [11]. The insert to Fig. 1a shows schematically a point contact between a 
sharpened Cu tip and the crystal. The tip is brought into contact with a (001) surface of the 
crystal with a standard mechanically controlled point-contact system described elsewhere 
[12]. The system provides a means to produce point contacts with sizes a (see insert to Fig. 
1a) ranging from microns down to a few nanometers. An electrical current is injected 
through the contact into the crystal and flows (primarily) along the [001] c-axis into a 
macroscopic Cu electrode on the back side of the crystal. Note that the so-called 
constriction resistance from a small area near the contact (on the SIO side) dominates the 
measured resistance over other resistive contributions, including those from the bulk of the 
crystal and the Cu tip and back electrodes. The latter can be considered as equipotential 
electrodes because of their relatively high conductivity (Cu vs SIO). When an electric bias 
is applied between the electrodes, the electrical potential drop occurs essentially in the 
direct vicinity of the point contact on the SIO side, thus resulting in a locally high electric 
field E as well as high local current densities j~E.  
Figure 1a shows current-voltage (I-V) characteristics of 10 different point-contacts with 
zero-bias resistances ranging from 13 kΩ to 27 kΩ measured at T = 77 K. Contact sizes a 
can be estimated from the measured contact resistance R using a simple model[12] for 
diffusive transport that gives R=ρ/2a, where ρ is the resistivity of SIO. Assuming ρ  50 
cm at liquid nitrogen temperature[7], this analysis yields a ranging from 4.8 μm – 2.3 μm 
for R = 13 kΩ – 27 kΩ[13]. The local electric fields and current densities at the highest bias 
are of the order E ~ 107 V/m and j ~ 108 A/m2, respectively. All I-V curves show a similar 
non-linear behavior: the contact resistance decreases with increasing dc bias as shown in 
Fig. 1b; the decrease in contact resistance is symmetric at positive and negative biases . 
From now on we will mostly focus on such resistance vs bias R(I) (as in Fig. 1b) or R(V) 
plots which highlight even small deviations from a linear I-V behavior. Note that all I-V 
curves are non-rectifying, which indicates an ohmic contact at the Cu tip/SIO crystal 
interface.  
The observed “S”-shape of the I-V curves is in good agreement with previous SIO 
studies of bulk crystals[9] and polycrystalline films[10]. Unlike those standard bulk 
measurements, our point contacts provide a means to probe the electron transport on a local 
scale in SIO (~point-contact size a) subject to extremely high electric fields (~ 107 V/m). 
In what follows, we examine several established models for explaining the observed non-
linear I-V behavior in undoped semiconductors/insulators, including impurities, 
defects/traps, and interfacial barriers. We will use both current and voltage as fitting 
parameters since (a) the local current density is expected to scale with the local electric 
field while (b) the applied voltage is traditionally used to estimate the applied fields in point 
contacts; but as the applied field spreads over a larger sample space, it may not reflect well 
on its local nature.  
Figures 2a and 2b show R(I) and R(V) data (black), respectively, for a representative 
point contact (R = 17.5 kΩ; a ~ 3.5 μm) together with fits (colored traces) originating from 
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a series of transport models/physical mechanisms (see Part 1 of Supplementary Material 
for details and further discussion): (i) defect-induced traps in a semiconductor/insulator 
crystal are often associated with localized electron states within the band gap; the latter 
alter the crystal’s Fermi level and, therefore, its transport properties via so-called space 
charge limited currents (SCLC), which are expected to lead to an 𝐼 ∝ 𝑉2 dependence[14] 
(dark yellow trace in Fig.2b); (ii) the emission of carriers from traps stimulated by an 
applied electric field can lead to Poole-Frenkel (PF) currents 𝑗 = 𝑗0𝑒
−𝛽𝐸1/2, where 𝑗0 =
 𝜎0𝐸 and 𝐸  is the electric field close to the contact
[15]; such currents can become 
significant at high enough electric fields and lead to non-linear characteristics as shown by 
green traces in Figs. 2a and 2b, where the applied field is represented by either current or 
voltage; (iii) a tunneling barrier at the interface between Cu tip and the SIO crystal can 
promote a decrease in the tunneling junction resistance with increasing bias due to an 
enhancement of the thermally excited transport across a biased junction (pink curve in Fig. 
2b); (iv) a simple Joule heating may lead to a decrease in the crystal’s resistivity at an 
elevated temperature, which can be modeled by the temperature dependence of resistivity 
𝜌 ∝ 𝑒∆/2𝑘𝐵𝑇𝑝𝑐  and the bias dependence of the temperature in the contact 𝑇𝑝𝑐 ∝ 𝑉
2 (𝑜𝑟 ∝
𝐼2)[16] (cyan curves in Figs. 2a and 2b). It is obvious that none of the established physical 
mechanisms discussed above can provide an adequate agreement with the observed R(I) or 
R(V) data over the entire range of applied biases. Below we propose a new mechanism that 
is consistent with our observations and involves a change of the crystal’s band structure 
under externally applied electric fields via a field-induced lattice distortion.  
Since electronic states in 5d transition-metal oxides are extremely sensitive to the 
overlap of neighboring crystal sites, even a subtle change of the lattice structure may lead 
to a considerable modification of the crystal’s band structure. For instance, lattice 
distortions induced in SIO by high pressure [17] and epitaxial strain [18] were found to change 
the effective band gap between 200 and 50 meV at liquid nitrogen temperature. Recent 
studies of the ferroelectric properties in SIO[19] have found that an applied electric field can 
induce an electric polarization; the latter may be associated with a field-driven 
displacement of oxygen anions in Ir-O-Ir bonds. In our experiments, extremely high local 
electric fields may be sufficient to alter the equilibrium positions of oxygen with respect to 
iridium ions and induce distortions of the corner shared IrO6 octahedra, thus, provoking 
modifications of the band structure. We have used an electrically tunable band gap in a 
simple model to fit our data for the bias-dependent resistance. It was found that the data 
are well fitted in the entire range of applied bias currents I (red curve in Fig. 2a) with the 
following model: 
 
𝑅(𝑋) = 𝐴 ∗ 𝑒
∆(𝐼)
2𝑘𝐵𝑇, ∆(𝐼) = ∆0 − 𝐵 ∗ |𝐼|,  (1) 
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where Δ0 is the band gap at zero-bias (I=0) for a given temperature T, A and B are fitting 
parameters. Note that when using the applied voltage V instead of current I in Eq. 1, the 
fitting shows significant deviations from the observations (red curve in Fig. 2b), which 
indicates that the current is a better measure of the local electric field in a diffusive point 
contact. Equation 1 was successfully used to fit the data from contacts with different 
sizes/resistances (see Part 2 of Supplementary Material). Our model suggests that the band 
gap in SIO decreases by about 16% at the maximum applied field (at I = 3 mA in Fig. 2a). 
Figure S3 in Supplementary Material illustrates a scenario where an apical displacement 
of oxygen ions driven by the applied electric field results in an elongation of the Ir-O bonds 
in the basal plane and promotes a reduction of the band gap. We estimate the field-driven 
displacement of oxygen ions to be of the order of ~ 210-3 Å, which is ~0.1% of the Ir-O 
bond length (detailed explanation of this estimation can be found in Part 3 of 
Supplementary Material). This number is consistent with the previously observed effects 
of pressure[17] and epitaxial strain[18] on the SIO band gap which give ~10 % reduction in 
the band gap when the lattice constant changes by ~0.1-1 %.  
We further verify our field-effect model (Eq. 1) by measuring the temperature 
dependence of the I-V curves. Figure 3a shows R(I) data (black symbols) measured at 
temperatures T from 83-166 K. The R(I) data at different temperatures were fitted by Eq. 1 
(red curves). Figures 3b, 3c, and 3d show temperature dependencies of the three fitting 
parameters A, Δ0, and B, respectively. The first parameter A is related to the zero-bias 
resistance of the point contact R =𝜌 2𝑎⁄ , which can be written as R =1/2𝑎𝑛𝑒𝜇, with carrier 
density 𝑛 = 2(𝑚𝑒𝑘𝐵𝑇 2𝜋ℏ⁄ )
3/2e−Δ/2𝑘𝐵𝑇 and mobility 𝜇 of a semiconductor with band 
gap Δ. That relationship gives A= (4𝑎 ∗ 𝑒𝜇(𝑚𝑒𝑘𝐵𝑇 2𝜋ℏ⁄ )
3/2)−1, which is consistent with 
the temperature dependence of A in Fig. 3b and yields 𝜇 ~ 0.1 𝑐𝑚2 /𝑉𝑠 at 83 K. The 
values of the second parameter Δ0 – the band gap at zero-bias – agree well with the ones 
extracted from the ln(R) vs 1/T data (shown later), and the gap increase with increasing 
temperature is also consistent with previous results in SIO[7][17][18]. Finally, the third fitting 
parameter B, which quantifies the magnitude of the field effects, is found to decrease with 
increasing temperature since at higher T the same range of applied currents I results in a 
smaller range of applied electric fields due an increased conductivity of SIO.  
Variations of the band gap as a function of temperature and electrical bias can be directly 
elucidated using the standard temperature-dependent resistivity (contact resistance) 
measurements at constant biases. Figure 4a shows the zero-bias resistance R vs T along 
with ln(R) vs 1/T plot (inset to Fig. 4a) of the same data. The slope of the latter dependence 
is expected to give the band gap value. Following this standard approach we have extracted 
the temperature dependence of the zero-bias band gap Δ0 (Fig. 4b) from the derivative 
d(ln(R0))/d(1/T) of the data in the inset to Fig. 4a. By performing a similar analysis at 
different values of the applied bias current, one can extract the bias dependence of the band 
gap at a fixed temperature. The result of such an analysis at T = 167 K shows (Fig. 4c) that 
the band gap Δ decreases (from its zero-bias value Δ0) with increasing bias I, in agreement 
with the proposed field-effect model.  
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In addition to the continuous variations of the resistance (band gap) as a function of the 
applied bias, we have observed a reproducible and reversible resistive switching. One can 
notice small jumps in I-V characteristics of different point contacts in Fig. 1. Figure 5a 
shows an example of such a behavior. Here the black curve shows the R(I) sweep from 
positive to negative biases and the grey curve shows the sweep back. When the applied 
bias current increases beyond a critical |Ic| value the contact resistance has a step decrease. 
Following the scenario of the field-effect model, the step decrease may be associated with 
a field-induced structural transition between two metastable states. The ions being 
displaced/migrated under high electric fields may encounter potential barriers that need a 
certain energy to be overcome; the applied electric field modifies the energy landscape and 
could promote the transition over such a barrier, i.e. switching. We can estimate the 
variation of the band gap between the two states (below and above Ic) from the 
corresponding decrease in resistance. For instance, the switching shown in Fig. 5a gives a 
band-gap change of about 0.34 meV. Furthermore, the switching threshold Ic exhibits a 
clear magnetic field dependence Ic(μ0H), which correlates with the point-contact R(μ0H) 
magnetoresistance[13] observed at zero bias (compare Figs. 5b and 5c). The increase in 
Ic(μ0H) with increasing field correlates with the decrease in R(μ0H), but their relative 
changes are quite different and cannot be explained by a field-independent critical voltage 
Vc=IcR. Previous studies suggested that lattice distortions in SIO may cause a 
magnetoresistive effect due to a strong spin-orbit coupling[7, 8, 13]. The correlations between 
the magnetoresistance and resistive switching observed in our present work suggest that 
the magnetoresistive phenomenon in SIO could originate from the band structure 
modifications associated with the field-induced lattice distortions.  
The interplay between magnetism and electron transport may be further illustrated by 
studying the effects of bias on SIO magnetoresistance (MR)[13]. The MR was previously[13] 
associated with a crystalline component of anisotropic magnetoresistance (AMR) and the 
effects of applied field on the canting of antiferromagnetically coupled moments in SIO. 
Figure 6a shows a typical MR curve R(μ0H) where the applied magnetic field is swept from 
high positive to high negative fields and back. We have measured such MRs at different 
values of the applied bias current I and found that while the resistance R at a constant H 
decreases as a function of I (see Fig. 6b) in agreement with the behaviors shown in Fig. 1, 
the MR ratio, defined as (Rmax – Rmin)/Rmax with Rmax and Rmin maximum and minimum 
resistances of R(μ0H) sweep, increases with the applied bias. Our observation that MR can 
be influenced by the applied bias can be taken as another evidence of the idea that magnetic 
field and electrical bias effects on SIO resistance are entangled and originate from the band 
structure modifications induced by lattice distortions under magnetic and electric fields. 
The finding of a higher MR ratio at elevated bias currents may imply that the magnetism-
induced lattice distortions can be strengthened by an applied electric field. Finally, the 
observed MR ratio of about 6-10 % (Fig. 6c) is smaller than the typical resistance variations 
of 30-60% (Fig. 1b) due to the applied electric field, thus, suggesting that in our point 
contacts measurements electric fields have a stronger effect on the SIO band structure than 
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applied magnetic fields. A combined effect of electric and magnetic fields on the SIO band 
gap suggests a promising path towards band gap engineering in 5d transition-metal oxides. 
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Figure Captions 
 
Figure 1. Current-voltage characteristics of Sr2IrO4 crystal in point-contact measurements 
at T = 77 K. (a) Voltage (V) vs current (I) characteristics of 11 point contacts with zero-
bias resistances ranging from 13 kΩ to 27 kΩ are shown in different colors. (b) Resistance 
(R) vs current (I) plots for the same 11 point contacts. The insert shows schematically a 
point contact between a sharpened Cu tip (top light grey) and the crystal (dark grey) on a 
Cu back electrode (bottom light grey).  
 
Figure 2 Analysis of the bias dependence of point-contact resistance. (a) Measured point-
contact resistance R (black) as a function of applied bias current I together with fits by 
different models: Joule heating (dashed cyan), Poole-Frenkel (dashed green), field-effect 
(red). (b) Measured resistance R (black) is shown as a function of applied bias voltage V 
together with fits by: space charge limited currents (dashed dark yellow), Joule heating 
(dashed cyan), Poole-Frenkel (dashed green), tunneling barrier (dashed pink), and field-
effect model (red).  
 
Figure 3 Temperature dependence of the point-contact R(I) characteristics. (a) Measured 
R(I) curves (black) at temperatures from 83 to 166 K together with the field-effect model 
fits (red). The temperature dependences of A, Δ0, and B fitting parameters are shown in 
panels (b), (c), and (d), respectively.  
 
Figure 4 Band gap characterization by temperature-dependent resistivity measurements. 
(a) Experimental data of R vs T (open triangles) with an exponential fit (black curve). The 
insert shows the same data as ln(R) vs 1/T (straight lines are guides for eye). (b) 
Temperature dependence of the band gap as extracted from the slope of ln(R) vs 1/T in (a). 
(c) The bias dependence of the band gap at T=167 K extracted from the ln(R) vs 1/T 
dependencies at different bias currents (not shown). 
 
Figure 5 Resistive switching in point-contact R(I) characteristics. (a) A typical R(I) curve 
with up- (grey) and down- (black) sweeps of I. The switching current is indicated by Ic and 
arrow. (b) The magnitude of critical current Ic vs applied magnetic field is shown with open 
circles (solid dots) for up- (down-) sweep of magnetic field. (c) Variations in the zero-bias 
resistance (magnetoresistance ratio) as a function of the applied magnetic field. All 
measurements were done at T = 77 K.  
 
Figure 6 Bias dependence of magnetoresistance (MR). (a) A typical MR measurement 
under low bias current (0.02 mA) at T =77 K. (b) Bias dependence of the point-contact 
resistance at zero applied magnetic field. (c) Bias dependence of the MR ratio found from 
MR data like in (a) at different biases.   
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Figure 5 
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Figure 6 
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